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Abstract. The observed seasonal amplitude of at-
mospheric HON concentrations implies an atmospheric
lifetime of only a few months for HCN, much shorter
than is commonly assumed from oxidation by OH (a
few years). We propose that ocean uptake provides the
missing sink, and show with a global 3-D model simula-
tion that the observations of atmospheric HCN can be
roughly reproduced in a scenario where biomass burn-
ing provides the main source (1.4-2.9 Tg N yr~!) and
ocean uptake provides the main sink (HCN atmospheric
lifetime of 2-4 months). Such a budget implies that
HCN is a sensitive tracer of biomass burning on large
scales, of particular value because it is readily observed
from space. The ocean sink hypothesis can be tested
with measurements of HCN concentrations in marine
air and seawater.

Introduction

Spectroscopic measurements of the atmospheric col-
umn of HCN at northern midlatitudes indicate fac-
tors of 2-3 seasonal variation with maxima in spring-
summer [Mahieu et al., 1995, 1997; Zhao et al., 1999].
Space-based measurements of HCN mixing ratios in the
tropical upper troposphere indicate a range from 200 to
900 pptv [Rinsland et al., 1998]. Such large variations
are inconsistent with the conventional view that HCN
has an atmospheric lifetime of a few years with oxi-
dation by OH providing the main sink [Cicerone and
Zellner, 1983]. There must be a large missing sink of
HCN imposing a lifetime of a few months. Improved un-
derstanding is needed because HCN (1) interferes with
measurements of total reactive nitrogen (NOy) [Kondo
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et al., 1997], (2) could play a non-negligible role in the
biogeochemical cycling of nitrogen, and (3) provides a
tracer of biomass burning readily observable from space
[Rinsland et al., 1998].

We propose here that ocean uptake could provide the
missing sink for atmospheric HCN, and show with a
global 3-D model that the available observations of at-
mospheric HCN are consistent with a scenario where
biomass burning provides the main source and ocean
uptake provides the main sink. The Henry’s law con-
stant of HCN is sufficiently high (12 M atm~1! at 298 K;
Edwards et al., [1978]) for ocean uptake to impose an
atmospheric lifetime of a few months if HCN(aq)/CN~
(pKa = 9.2) is consumed chemically or biologically in
the ocean on a time scale of a few months or less, as
discussed below. There are to our knowledge no data
on HCN(aq)/CN~ concentrations in the oceans.

It is well established that biomass burning is a ma-
jor source of atmospheric HCN, though different stud-
ies indicate a range of molar emission ratios relative to
CO (0.03-1.1%) [Lobert et al., 1990; Hurst et al., 1994;
Yokelson et al., 1997; Holzinger et al., 1999]. Lobert et
al. [1990] estimate a global source of HCN from biomass
burning of 0.4-1.9 Tg N yr~!. Lobert [1989] estimates a
global fossil fuel combustion source of 0.04 Tg N yr~!,
negligibly small in comparison. Higher plants and fungi
are known to produce and release HCN, but the avail-
able data do not allow a quantitative estimate of emis-
sions [Cicerone and Zellner, 1983]. A possible HCN
source in the stratosphere is ion-catalyzed conversion

of CH3CN [Schneider et al., 1997].

Model Simulation

We use the Harvard-GEOS global 3-D model to sim-
ulate atmospheric HCN. The model is driven by 1993-
1994 meteorological data updated every 6 hours from
the Goddard Earth Observing System Data Assimila-
tion System (GEOS-1 DAS) [Schubert et al., 1993].
Advection is computed following Lin and Rood [1996].
Moist convection and boundary layer mixing are com-
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puted following Allen et al. [1996]. The spatial resolu-
tion is 4° latitude by 5° longitude, with twenty o ver-
tical levels up to 10 hPa. We use a zero-flux boundary
condition at 10 hPa. A six-year simulation is conducted,
recycling the meteorological fields for 1993-1994, to re-
move the effect of the initial condition (170 pptv HCN).
Previous tracer model studies indicate that the GEOS
fields provide a reasonable simulation of global atmo-
spheric transport [Allen et al., 1996; Bey et al., 1999)].

We adopt in our standard simulation an HCN biomass
burning emission ratio of 1.1% relative to CO on a mo-
lar basis, which is at the high end of laboratory data
but is most consistent with observed HCN-CO column
correlations [Rinsland et al., 1998, 1999]. We could ac-
commodate a smaller emission ratio depending on the
efficacy of the ocean sink, as will be discussed later. We
combine the HCN emission ratio with the biomass burn-
ing CO emission inventory of Wang et al. [1998]. This
inventory has 1° x 1° spatial resolution and monthly
temporal resolution. The resulting global biomass burn-
ing source of HCN is 2.9 Tg N yr~!. There are no other
HCN sources in our model.

The ocean uptake flux of HCN is F = kywCgKyRT
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Table 1. Atmospheric Budget of HCN

Total atmospheric burden (Tg N)
Atmospheric lifetime
Sources (Tg N yr™!):

0.50
2.1-4.4 months

Biomass burning 1.4-2.9
Sinks (Tg N yr~!):

Ocean uptake 1.1-2.6

Reaction with OH 0.3

Photolysis 0.2 x 1072

Reaction with O('D) 0.3 x107°

Global budget for 1000-10 hPa.

[Liss and Slater, 1974], where ky, (m s™!) is the air-to-
sea transfer velocity, Cy (kg m~3) is the concentration of
HCN in surface air, R is the gas constant, T is temper-
ature, and Ky is the temperature-dependent Henry’s
law constant with Ky = 12 M atm~! at 298 K and
AHzgs/R = -5000 K [Edwards et al., 1978]. Diffusion
in the liquid phase controls the oceanic uptake of HCN.
We adopt ky, = 0.31 u?(Sc/660)'/? with u in m s™?
and ky in cm hr™"' [Wanninkhof, 1992], where u is the
wind speed at 10 m height, Sc = v/D is the Schmidt
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Figure 1. Seasonal variation of HCN column concentrations. Individual observations are shown as symbols.
Monthly mean model values are shown as lines for the standard simulation (thick solid lines) and for three
sensitivity simulations: 1) ocean uptake and biomass burning source reduced by factors of 6 and 2, respectively
(thin solid lines); 2) ocean uptake and tropical HCN emission ratio reduced by factors of 6 and 2, respectively
(dashed lines); 3) both ocean uptake and tropical HCN emission ratio reduced by a factor of 2 (dash dot lines).
The top left panel shows zonally averaged model values in the standard simulation for different latitudes of the

northern hemisphere.
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number of HCN in seawater, v is the kinematic viscos-
ity of water, and D is the diffusion coefficient of HCN
in water. We assume that there is no reverse sea-to-air
transfer flux, i.e., that HCN(aq)/CN~ is consumed in
the oceans. A sensitivity simulation where k., is reduced
by a factor of 6 (to describe a situation where 5/6 of the
HCN taken up by the oceans is returned to the atmo-
sphere, i.e., a saturation ratio of 0.83) is still capable
of reproducing the observed seasonal variations as dis-
cussed below. This sensitivity simulation corresponds
to an HCN(aq)/CN~ lifetime of 2-3 months against
consumption in the oceanic mixed layer.

Additional sinks for atmospheric HCN from photoly-
sis and reactions with OH and O(1D) are specified fol-
lowing Cicerone and Zellner [1983]. Monthly varying
concentration fields of tropospheric OH are taken from
Bey et al. [1999], and monthly varying concentration
fields of stratospheric OH and O(!D) are taken from
Schneider et al. [1999].

Our global budget of atmospheric HCN is shown in
Table 1. The range is bounded by the standard simula-
tion and by a sensitivity simulation where HCN emis-
sion is reduced by 53% and where 5/6 of HCN taken up
by the ocean is returned to the atmosphere, resulting
in the same atmospheric inventory of HCN as in the
standard case (see Figure 1 and discussion below). The
atmospheric lifetime of HCN is 2.1-4.4 months, with
ocean uptake providing the main sink. The HCN ocean
uptake of 1.1-2.6 Tg N yr~! can be compared to an es-
timated 30 Tg N yr~! total input of atmospheric fixed
N to the oceans [Duce et al., 1991]. Long-range trans-
port of HCN could make a significant contribution to
the deposition flux of fixed N to the central regions of
the oceans.

Results and Discussion

Figure 1 compares model results to observed HCN
columns at Jungfraujoch in the Swiss Alps [Mahieu et
al., 1995, 1997], Kitt Peak in Arizona [Mahieu et al.,
1995], Mauna Loa in Hawaii [Rinsland et al., 1999],
Rikubetsu and Moshiri in Japan [Zhao et al., 1999],
and Ny Alesund in Spitsbergen (J. Notholt, unpub-
lished data, 1999). Observations after September 1997
are not included in Figure 1 because of anomalous en-
hancements from massive fires in Indonesia [Rinsland
et al., 1999] which we will examine in a separate study.

The observations in Figure 1 were made by measuring
absorption of solar radiation in the 3299.53 cm~! and
3287.25 cm~! HCN absorption bands; HCN columns
were retrieved by assuming a vertical profile of HCN
mixing ratios, typically uniform in the troposphere and
decreasing with altitude in the stratosphere. In our
model the tropospheric mixing ratio of HCN increases
with altitude outside of source regions because of the
ocean sink. We did not attempt to resolve inconsisten-
cies between the model vertical profiles of mixing ratios
and the assumed profiles used in the retrievals of the
observed columns.
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The observations show factors of ~2 seasonal am-
plitude with maxima in April-August. The model re-
produces roughly the observed seasonal amplitudes but
precedes the observed maxima by 1-2 months. As
shown in the first panel of Figure 1, the model max-
imareflect the northward propagation of the signal from
biomass burning in the northern tropics which peaks in
February, combined with the smaller signal from boreal
forest fires which peaks in the summer.

The phase precession in the model compared to ob-
servations suggests either a flaw in the prescribed sea-
sonal pattern of biomass burning emissions or a major
HCN source other than biomass burning. Mahieu et
al. [1995] attributed the spring maxima at Jungfrau-
joch and Kitt Peak to a biogenic source. However,
the strong correlation observed between HCN and CO
columns at Jungfraujoch (E. Mahieu, personal commu-
nication, 1999), at the Japanese sites [Zhao et al., 1999]
and at Mauna Loa [Rinsland et al., 1999], supports a
dominant biomass burning source. Ship measurements
of atmospheric HCN columns over the tropical Atlantic
in October [Notholt et al., 1999] indicate elevated val-
ues associated with elevated CO and clearly associated
with biomass burning. Our model values over the trop-
ical Atlantic are twice those observed by Notholt et al.
[1999], suggesting that our HCN tropical emission ra-
tio is too high. Since HCN is a product of smoldering
rather than flaming combustion [Lobert et al., 1990],
one would expect lower emission ratios from tropical
savanna fires than from midlatitude forest fires. A sen-
sitivity model simulation with tropical HCN emission
ratios and ocean uptake both reduced by a factor of 2
(Figure 1) yields results over the tropical Atlantic that
agree fairly well with the Notholt et al. [1999] observa-
tions (not shown).

Figure 2 presents simulated zonal mean, yearly aver-
aged mixing ratios of HCN. Simulated mixing ratios are
minimum in the marine boundary layer (10-100 pptv)
and maximum over biomass burning regions (up to 2000
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Figure 2. Annual mean, zonally averaged mixing ra-
tios of HCN in the standard simulation. Contour levels
(ppbv) are 0.05, 0.1, 0.15, 0.18, 0.2, 0.22, 0.25, 0.3, and
0.35.
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pptv in the boundary layer and 500 pptv in the upper
troposphere, consistent with the observations of Rins-
land et al. [1998]). There are to our knowledge no mea-
surements of HCN mixing ratios in the marine boundary
layer (or, in fact, anywhere in the lower troposphere).
Measurements in the stratosphere show HCN mixing
ratios in the range 170-200 pptv [Spreng and Arnold,
1994]. The model simulates 180-220 pptv in the strato-
sphere; the stratospheric sink of HCN may be underes-
timated because of the zero-flux boundary condition at
10 hPa.

We have assumed in the standard simulation a rel-
atively high air-to-sea transfer velocity [Wanninkhof,
1992] and neglected any reverse sea-to-air transfer. Our
results are only moderately sensitive to these assump-
tions because the ocean uptake is largely limited by ver-
tical transport from the free troposphere to the marine
boundary layer. We could accommodate a decrease in
the ocean sink by decreasing the biomass burning source
down to a point limited by the ability of the model to
reproduce the relative seasonal amplitude in the obser-
vations. As shown in Figure 1, a sensitivity simula-
tion with the net ocean uptake reduced by a factor of
6 (see previous section) still provides a fair compari-
son to observations. This simulation corresponds to an
atmospheric lifetime of HCN of 4.4 months and a 53%
reduction in the biomass burning source (1.4 Tg N yr~1)
to achieve the same atmospheric inventory of HCN as
in the standard simulation.
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